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Abstract (250 wor ds)

Background: Chronid3-adrenoceptor antagonisp-blocker) treatment in patients is associated véth
potentially anti-arrhythmic prolongation of theiatraction potential duration (APD), which may irhve
remodelling of repolarising Kcurrents. Objective: To investigate the effectschfonic B-blockade on
transient outward, sustained and inward rectifiecurents (o, lksusand ki) in human atrial myocytes and
on the expression of underlying ion channel sulBuMethods: lon currents were recorded from hurrgirt r
atrial isolated myocytes using the whole-cell-pattdmp technique. Tissue mRNA and protein levelsewe
measured using real time RT-PCR and western biptResults: Chroni@-blockade was associated with a
41% reduction in b density: 9.3+0.8 (30 myocytes, 15 patients) vs74b.1 pA/pF (32, 14), p<0.05;
without affecting its voltage-, time- or rate-degence. }; was reduced by 34% at -120 mV (p<0.05).
Neither ksys, nor its increase by acuestimulation with isoprenaline, were affected byashc p-blockade.
Mathematical modelling suggested that the cominabf ko- and ki-decrease could result in a 28%
increase in APE. Chronicp-blockade did not alter mRNA or protein expressidrthe ko pore-forming
subunit, Kv4.3, or mRNA expression of the accessotyunits KChIP2, KChAP, K34, KvB2 or frequenin.
There was no reduction in mMRNA expression of Kirdrl TWIK to account for the reduction il
Conclusion: A reduction in atriakd and k; associated with chroni@-blocker treatment in patients may
contribute to the associated action potential prgddion, and this cannot be explained by a redudtio
expression of associated ion channel subunits.
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I ntroduction

Atrial fibrillation (AF) is the most common susteih cardiac arrhythmia, and is associated with
significant morbidity and mortality [3]. Beta-adi@eptor antagonist$-plockers) are used in the treatment
of AF to control the ventricular rate, and theyoagxert atrial anti-arrhythmic effects [22]. Thechanisms
underlying these atrial anti-arrhythmic effects amdtifactorial [32, 36], but there is evidencestggest that
long-term treatment witl8-blockers can alter atrial cellular electrophysgyloby prolonging the action
potential duration (APD) and effective refractomripd (ERP) [29, 35] and, therefore, potentiallibiting
intra-atrial reentry.

This “pharmacological remodelling” [35] of atriattion potentials in patients treated chronicalith\g-
blockers was initially demonstrated by our group¢cassociated with a reduction in the densithefdtrial
transient outward Kcurrent, $o. However, the electrophysiological and molecul&chanisms of this ion
current change are unknown. Thus, the effects minitif-blockade on characteristics of human atrial |
other than its amplitude, such as voltage-dependeard kinetics, have not yet been investigated.
Furthermore, the effects of chrorfieblockade on the expression of ion channel proteingh carry and
modulate this current; proteins known to be assediavith electrophysiological remodelling in AF and
other cardiac pathologies [24], also have not yeinbstudied.

Preliminary data from our laboratory have suggkthat chroni3-blockade may also reduce the human
atrial inward rectifier K current, k;, since the atrial cellular input resistance wakiced in patients taking
B-blockers [35], although this current was not meedudirectly. Since there is increasing evidence to
suggest that an increase i may be a crucial determinant of the pro-arrhythatical APD-shortening seen
in AF-remodelling [28], it is important to estalblishe effects of chroni@-blockade on{; and on the
expression of ion channel proteins associated thighcurrent.

The aims of this study, therefore, were to ingegt the effects of chronfzblockade in patients on the
time- and voltage-dependent characteristics ofiti repolarising K currents in human atrium and on the
expression of their underlying ion channel suburatsd also to investigate the likely effects ofsinéon
current changes on the atrial action potential.

M ethods

Human atrial myocyte isolation

Right atrial appendage tissues were obtained frdutt gatients undergoing cardiac surgery, who were
sinus rhythm with no history of AF, and either texhwith aB-blocker for a minimum of 4 weeks prior to
surgery, or not treated withfblocker. All procedures were approved by the tostnal ethics committee
(99MCO002) and informed consent was obtained frolmpatients. The investigation conforms with the
principles outlined in the Declaration of HelsinRitrial myocytes were isolated by enzymatic disabon
and mechanical disaggregation, as described inl getaiously [33]. Briefly, tissue chunks were &ka for
45 min in a low [C&] (50 uM) solution containing protease (4 U/ml Type XXISigma). Protease was then
replaced by collagenase (400 U/ml Type 1, Worthingtwhich was exchanged 3 times, at 15 min interva
At each exchange, cells were separated by filmatiwmough nylon gauze and centrifugation at 40 rg2fo
min, and washed of residual enzyme in a higH,[kow [C&’*] solution. Cells were stored in a 0.2 mM?Ga
containing physiological salt solution for up tti8before electrical recording.

Electrical recording

lon currents were recorded from human atrial myegytsing the whole-cell-patch clamp technique aith
Axopatch-1D amplifier (Axon Instruments) in voltagimp mode in conjunction with WinWCP software (J
Dempster, Strathclyde University). Myocytes wer@estused at 37 °C with a solution containing (mM):
NaCl (130), KCI (4.0), MgGl (1), CaC} (2), CdC} (0.2), glucose (10) and HEPES (10); pH 7.35. The
pipette solution contained (mM): K-aspartate (1L04CI (20.0), MgC} (1.0), EGTA (0.15), NgATP (4.0),
Na,GTP (0.4) and HEPES (5.0); pH 7.25. A liquid junotipotential of -7 mV was compensated for prior to
recordings, as were capacitative transients anelssersistances (64-72% compensation). Voltage ok
activation of o was measured by stimulating cells at 0.3 Hz frommolling potential of -50 mV, with
voltage pulses of 100 ms duration increasing inn steps from -40 to +60 mV:d amplitude was
calculated as the peak outward current minus efskpurrent. dsys, considered to reflect mainly the ultra-
rapid delayed rectifier Kcurrent, k, [25], was measured as the end-pulse current. ¥@itiependent
inactivation of o was measured using a 1 s pre-pulse which wasasedefrom -90 mV to +60 mV in 10
mV steps, followed by a second, 100 ms pulse, ® m¥. ko reactivation was measured using a standard
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S-S, pulse protocol with an initial inter-pulse intehgd 500 ms, which was reduced in 50 ms intervals t
150 ms, and then by 10 ms intervals to 10 mstdte-dependence was measured using 6 trains u8spat
75-500 beats/minute. Barium (0.5 mM)-sensitigevioltage-dependent activation was determined us@ity
ms voltage pulses increasing from -120 mV to +60 m\L0 mV steps. In a subset of cells, the effdct o
acutep-adrenoceptor stimulation with isoprenaline (IS@)lg (in the absence of B3, lto and/or ksus,
was assessed. ISO was used altll close to E.x concentration for human atrigd,| [20].

Mathematical modelling

To investigate the potential contribution of chasm@eion currents to the action potential (AP) ¢gufation,
such changes were simulated using a well establistahematical model of the human atrial AP; desdfi

in Courtemanchet al [6] and implemented using the CESE Pro 1.4.8 nlingesoftware (Simulogic Inc.,
Halifax, Canada). Since the typical AP configuratiecorded in human atrial cells from our labona{@5]

is Type 3 (or “no dome” [8]), and the Courtemanahedel typically produces Type 1 APs (or “spike and
dome”) [8], we modified the model to produce “nontey APs that mimicked those recorded in our
laboratory, as follows. The L-type Eaxurrent (ka) and ksys are the largest two currents that contribute to
the plateau (“dome”) phase of the action poteritialhe Courtemanche model: see Figure 2 of [32] and
Figure 14 of [6]. The peak conductance gf in the Courtemanche model (0.124 nS/pF) is latig@n that
typically recorded in our laboratory (0.099 nS/pB5]), and the peak conductance f;lin the
Courtemanche model (0.054 nS/pF) is smaller thanrdtorded in cells in the present study (0.07pRS
Therefore, ¢, and k., conductances were decreased and increased, iesfyech steps of 10%, until the
resulting action potential closely resembled thairf a representative cell obtained from a patientreated
with a-blocker: Figure 1A of [35]. This was achieved witb0% scaling ofch. and 150%,, i.e., peak
conductances of 0.062 nS/pF and 0.081 nS/pF, rixsglgc

Quantitative real-time PCR

Human atrial tissue samples were stored atG20 RNAlater solution (Quiagen), before cryoseuiig at

20 um. Total RNA was extracted using RNeasy Mini Kiu{@en) and reverse transcribed with Superscript
Il reverse transcriptase (Invitrogen), using ramdchexamer priming and a PCR thermo-cycler
(Thermohybaid PCR Express). The relative abundahc®NA was determined using an ABI 7900HT Fast
Real-Time PCR system (Applied Biosystems), PoweBBYGreen PCR MasterMix (Applied Biosystems)
and primer assays (10x QuantiTect, Quiagen or AdpBiosystems) (Table 1). Samples were tested in
triplicate for each primer with a 40-cycle PCR té&at followed by melting curves. Negative controls
consisted of molecular grade water. Mean threshptides (Ct) values were determined ax@t derived
relative to one tissue sample used as an inteaiddrator for each primer reaction. cDNA abundafae
each tissue sample (a) was expressed relative & mieundance of 28S and GAPDH (b) for that sample,
using the equation: relative abundance*##hL'“". E=efficiency of the PCR reaction and was deteeain
from VFn/F~,, where F=fluorescence at the end of each elongati&p and n=cycle number.

Western blotting

Human atrial tissue samples were homogenised farWidh an Ultraturrax T8 homogeniser (VWR) in 1 ml
of homogenisation buffer containing: fibprotease inhibitor (Sigma P8340), NaCl 150 mM,|KC mM,
MgCl, 1.2 mM, NaHEPES 5 mM, Glucose 10 mM, CACD mM; pH 7.4, and stored at -80°C. Kv4.3 and
GAPDH protein levels were measured using sodiumedgdsulphate polyacrylamide gel electrophoresis
(SDS-PAGE), immunoblotting and optical densitomeifissue samples were blinded with respecp-to
blocker status and randomised so that 2 samples ffrblocked and 2 from nofi-blocked patients were
loaded onto each gel, at concentrations which wa& &stablished to result in a linear relationshith
optical density (total protein load of 5-1@ per lane). Electrophoresis and immunoblottingengerformed
using the NUPAGE system (Invitrogen) with 4-12%dieat Bis-Tris NUPAGE gels, and molecular weight
marker Magic Mark Western Standard. Protein immepection was performed using the Invitrogen
Western Breeze kit unless otherwise stated, anlysathusing Quantity-One software (BIORAD). Blots
were incubated overnight with monoclonal anti-Kvé@Ng&uromab) at 1:133 or anti-GAPDH (mAbcam 9484)
at 1:20000. Western blotting controls were perfamesing rabbit and rat brain or lung tissues. All
procedures conformed with the Institutional Guides for the Care and Use of Animals, and with the
Guidance on the Operation of the Animals (Scienffrocedures) Act 1986. A New Zealand White rabbit
was killed with an intravenous injection of 100 kw/pentobarbital sodium (UK Project Licence No.
PPL60/3538), and a Wistar rat was killed by cefvitiglocation in accordance with Schedule 1. Tissue
homogenates were used to compare bands generatbd byonoclonal primary antibody (Neuromab anti-
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Kv4.3) plus secondary antibodies with secondarybady alone, and also to compare a polyclonal anti-
Kv4.3 (Alomone) at 1:1600 with a solution of thistidody pre-incubated with Kv4.3 antigenic peptide
(Alomone) at 1:10.

Statistical analysis

Comparisons between patient groups for curreni@ndhannel expression were made using Studets'std;
with Graphpad Prism software. Multiple linear reggien was performed using Stata Version 10, Stata.C
College Station, Texas, USA. Statistical significamvas taken as p<0.05.

Results

Patient characteristics

Table 2 shows the patients’ clinical charactersst@nd a comparison between treatment and nomrieeat
with a (-blocker. The majority of patients underwent corgnartery bypass graft surgery (89%) and had
angina (88%). LV function was normal in 74% of pats. Of the patients treated with3eblocker, 95%
received a cardiac selectii-adrenoceptor antagonist (atenolol or bisoprolahd 2 patients received
carvedilol, which additionally antagonis@s- and a;-receptors. No patient was given sotalol (which has
additional class Il activity). Patients treateddamot treated with §-blocker were generally of similar age,
male-female ratio and disease history (Table 2ps&hreceiving §-blocker had a lower incidence of calcium
channel blocker use, and a lower heart rate (TAble

Chronic p-blockade reduced the density of human atrial 1+o and Ik, but not l«sys

Figure 1A shows representative current tracesgand ksys voltage-dependent activation in myocytes of
similar capacitance from a n@nblocked patient and g-blocked patient. There was a significant reduction
in mean {4, density at all voltages from +10 to +60 mV assaiawith chronicp-blockade (Figure 1B).
Peak }, density at +60 mV was 41% lower in myocytes fromtignts treated with geblocker compared to
non{y-blocked patients (Figure 1C). There was no sigaift difference in mean capacity of these cells
between patients treated and not treated wtbbocker (6714 vs 763 pF; p>0.05). Single lineagnession
analysis of the effects of chrorfieblockade on4, demonstrated a change in current density of -gA/pF
(95% CI -7.50 to -0.77, p<0.05). There was a sigaift reduction in, density of -4.19 pA/pF (95% CI -
7.88 to -0.49, p<0.05) in association with chrditalockade after adjusting for calcium channel blrdkse.

In a separate model, adjusting for heart rate,rebfyblockade was not statistically significantly agated
with l+o density, -1.61 pA/pF (95% CI -6.35 to 3.14, p=0.4%ere was no difference in peakJs density,
recorded in the same cells, betw@dnlocked and nofi-blocked patients (Figure 1C). Figure 2 shows mean
current-voltage relationships for Basensitive |, recorded in 21 cells frof-blocked patients and 31 cells
from nonf3-blocked patients; several of which (6 and 9 ceblspectively) were used to record.|There
was a significant, 34% reduction in peak, lat -120 mV, in myocytes frorfi-blocked patients, and no
significant difference ing at the less negative potentials at which the smaivard portion of the current
occurred. There was no significant difference irmameapacity of cells in whicl,l was recorded, between
[-blocked and noft-blocked patients (8545 vs 87+4 pF; p>0.05).

Chronic g-blockade did not affect voltage-, time- or rate-dependent properties of human atrial 1+o

The voltage-dependences ofp lactivation and inactivation were not significanttiifferent between
myocytes fromB-blocked and nofi-blocked patients (Figure 3A). The voltage of hakiximal activation
(Vos) in B-blocked patients was 25.1+0.7 mV (29 myocytespdfents) vs 23.8+0.5 mV (32 myocytes, 14
patients) in the nofi-blocked group (p>0.05). Inactivation,¥in cells fromp-blocked and nofi-blocked
patients was -19.0+1.0 mV (29, 13) vs -19.5+0.6 (8%, 15), p>0.05.7b time-dependent inactivation was
bi-exponential in 93% of-blocked patients and in 100% of nptblocked patients, and the resulting curve
fits are shown in Figure 3B. The mean fast ratestamis (inverse of time constants) were 0.16:000Bf
blocked patients (22 myocytes, 13 patients) an&#0D1 for norB-blocked patients (27 myocytes, 15
patients), p>0.05. The corresponding slow rate temms were 0.03+0.01 and 0.04+0.01, p>0.05,
respectively. The contribution of each exponeritidko inactivation in these cells, i.e., the amplitudehe
fast and slow inactivation phases, was also natifsigntly different (p>0.05 for each phase) betwdke
two patient groups (Figure 3B inset)e Ireactivation is shown in Figure 3C. Meaplg current densities
were normalised to the®Jpost-rest pulse of the protocol. Initially, at ¢pmter-pulse intervals;4 density
remained unchanged, in keeping with the rapid regoef ko from inactivation [11]. As the inter-pulse
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interval was shortened to <150 mg feduced in myocytes from both patient groups.réactivation in
80% of myocytes fronB-blocked patients (24 myocytes, 12 patients) an®3f6 from norB-blocked
patients (28 myocytes, 13 patients) best fittedoaasrexponential curve (Figure 3C). The time-cowfho
reactivation for each patient group was virtuallpaerimposable, with mean time constants of reatinaf
33.5+2.6 ms and 31.3+x1.9 ms, respectively; p>0I95.density reduced significantly with increasing
stimulation rate; reversible and not different betw myocytes fror-blocked and noffi-blocked patients
(Figure 3D). The reduction ind density associated with chrorfieblockade was maintained even at rapid
rates.

Acute B-adrenergic stimulation increased atrial 1¢sys; an effect not modified by S-blocker therapy

In atrial cells from a group of patients not trehateith a -blocker, acute superfusion with ISO (M)
significantly increasedkéys, and had no significant effect og lor ko (Figure 4A). A similar increase in
Iksus and lack of change il or ko was found in response to ISO in cells from a grotipatients who
were treated chronically withf&blocker (Figure 4B).

Mathematical modelling of human atrial ion current changes associated with chronic #-blockade

Action potentials (AP) from the Courtemanche mdéatured a prominent plateau (phase 2) and a marked
“spike and dome” (Type-1) morphology (trace i ingliie 5A). We progressively reduced the plateau
amplitude by sequentially scaling,l and ksus until the AP configuration and approximate APD98€6
repolarisation (APR) as recorded previously in our laboratory in trizyocytes from norg-blocked
patients [35], was attained: trace ii in Figure @#%Dgyy=186 ms). Repeating this simulated AP (trace ithwi
Ik1 reduced by the same magnitude as observed atm¥2ih the myocytes fronfi-blocked patients, 34%
(Figure 2), resulted in a 26% increase in APFigure 5B). A simulated voltage-ramp-clamp @f |
indicated that this AP change was due to a redu@ti@utward }; (Figure 5C). Reducingd independently

by 41%, i.e. as associated wtblocker therapy (Figure 1C), also prolonged ARP®igure 5E), but by a
lesser degree, 9%, than with teduction. Simultaneous reduction ji &nd ko resulted in a 28% increase
in APDy, (Figure 5F), versus a 21% increase previouslycata withp-blocker therapy [35]. By contrast,
using the Type-1 AP (non-representative of APs nee from our laboratory; trace i of Figure 5A)eth
same reductions ik, lto, and their combination, produced negligible changeAPDy,: 3% increase; 2%
decrease; and 2% increase, respectively.

Chronic f-blockade did not reduce mRNA expression of human atrial K* channel subunits

Figure 6A-F shows the relative mean abundance oNARor Kv4.3, the pore-forming ion channet
subunit responsible fokd, and its accessory protein subunits KChIP23KWKvp2, KChAP and frequenin
[27]. The expression of mMRNA for these subunits was different in the tissue samples fr@ablocked
patients compared to those from rsidocked patients. There was also no change inekpeession of
Kv1.5, the pore-forming ion channaklsubunit carrying dsys [26] (Figure 6G). Kir2.1, one of the pore-
forming subunits carrying tended to increase in the tissue frpsblocked patients (p=0.05; Figure 6H), in
contrast to the reduction in current density irs ghatient group. Kir2.2 was not detectable in eitfreup of
tissue samples, and there was no change in TWiKelpore-forming subunit of a weak inwardly-regtifty
current that may contribute t@,1[26, 19] (Figure 6l). Expression of pore-formingpsnits for &, and the
Na'/Ca*-exchanger (Cav1.2 and NCX-1, respectively) alsondit differ between patient groups.

Chronic p-blockade did not affect Kv4.3 protein expression in human atrial tissue

Kv4.3 was detected in western blots using two prynzatibodies: a monoclonal antibody, and a polyalo
antibody which was supplied with the correspondinggen for use in control experiments. The polgalo
anti-Kv4.3 detected Kv4.3 at 65 kDa in rat and iabkain tissue, in which Kv4.3 is highly expressadd
this band was markedly reduced when the antibody pra-incubated with the Kv4.3 antigen (Figure 7A).
This polyclonal primary antibody did not detect asiynilar band in human atrial tissues, presumably
because of lower levels of Kv4.3 expression, amtééhe monoclonal antibody was then used for asaé
sensitivity. This monoclonal anti-Kv4.3 also de&ettKv4.3 at 65 kDa in the rodent brain tissue paesit
control, and this band was markedly reduced in mbdleng tissue, in which Kv4.3 expression is minima
[17] (Figure 7B). Using this antibody, a band atki¥a was also detected in human atrial tissue (EigiB).
The specificity of this antibody was tested by exlahg non-specific secondary antibody binding (Fégu
7B). No antigenic peptide was available for contesiting with this monoclonal antibody. Figure 7@ws

a western blot of continuously varying concentragiof total protein from tissue from twiblocked and
two nong-blocked patients. The blot was cut horizontallgtjabove the 40 kDa marker (dashed horizontal
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line in Figure 7C) prior to incubation with primaantibody. The top half was treated with the moooal
anti-Kv4.3 and the bottom with a monoclonal antif2H that detected GAPDH at 38 kDa. There was no
significant difference in the mean optical dens{®D) of either GAPDH (9.56+0.70 vs 10.66+1.61
ODu/mnft, p>0.05) or Kv4.3 (11.44+1.03 vs 11.57+1.31 ODu/mp»0.05) between tissues frgivblocked
(n=8) and norp-blocked (n=10) patients. All ODs were comparetbtd! protein load 7.;ig. The ratios of
Kv4.3:GAPDH were 1.24+0.13 in samples fr@ablocked, and 1.30£0.27 in samples from feblocked,
patients, p>0.05.

Discussion

This is the first study, to our knowledge, to shimat the chronic treatment of patients in sinughim
with B-blockers is associated with a significant reduciio both atrial 4o and k1; that the reduction ind
occurred without any changes in its time-, ratevatage-dependence; and that neither ion curreahge
resulted from any changes in expression of undeglypn channel subunits. Furthermore, we suggested,
using mathematical modelling, that the combinatrihe reduction intb and k; may contribute to the
established prolongation of atrial action potentggdolarisation in patients treated w@blockers.

The magnitude ofr reduction was similar to that found in a previgusported smaller study by our
group [35], in which other properties of this cumrevere not measured. Further supporting thesenfysd
chronic treatment of rabbits with thH&blocker carvedilol reduced atriatol [4], but no other studies
examining the effects on human atrigJ tould be found. However, in catecholamine-deplet¢s, and also
in rats with chronically reduced cardiac sympathathervation, ventriculard was reduced in conjunction
with prolongation of the APD [2, 21]. Given the idpnactivation kinetics oftb, the effect of changes in
this current on late repolarisation is presentlglear and under debate [7, 14, 10]. We establishad
chronicB-blockade in patients was also associated withdaatéon in atrial ;, measured as the inwardly-
rectifying B&'-sensitive current, and this might be expected tolopg action potential terminal
repolarisation [12]. Our mathematical modellingobfanges inth and k; suggested that the reduction in
each current alone could result in APD-prolongateord also that when combined, these ion curreantgds
could prolong the APD as much as was reported etitbnicp-blockade [35]. Of the two currentg; might
be expected to contribute more to the APD-prolangatUpregulation ofy; in chronic AF is considered to
be a crucial factor in stabilising the high freqogmotors that help to sustain fibrillation [28]ndhit is
conceivable that the present reductiongfskeen in patients treated wjgkblockers might contribute to their
anti-arrhythmic actions by opposing such rotor itistion.

We found that pharmacological remodelling by ciecghblockade was not associated with any change
in the expression of thed ion channel pore, Kv4.3, either at protein or mRNx&el. There was also no
change in the expression of mMRNA for its related éhannel subunits, although the protein expressfon
these subunits was not measured. While some acgesgaunits, such as KChAP and KChIP2 are involved
in trafficking of Kv4.3 to the cell membrane anketefore, directly influence current density, maaopunits
modify multiple current characteristics gbladditional to its density [27]. Therefore, the ethv&d absence
of change in the expression g§ biccessory subunits is consistent with the obseafssdnce of change iyl
voltage- and time-dependent characteristics. Tteaation in k; density was not the result of any significant
reduction in mRNA expression of potential pore-fargncomponents, Kir2.1 or TWIK, although neither
was examined at protein level as part of this study

We show here ion current changes, by pharmacabgienodelling, that did not require changes in the
expression of associated ion channel pore-formiracoessory subunits. This appears to contrastseitine
of the ion current changes which occur in chronig |84] that have been associated with changes in
expression of corresponding ion channels [9]. Hewgethere are exceptions, e.g., with dramatic ceamg
IcaL in chronic AF without corresponding changes int@iro expression [5, 13, 31, 15]. Perhaps the most
likely explanation underlying ion current reductionthe present study is a chrorfiedblockade-induced,
post-translation alteration in ion channel struetar function. This could result in changes tofic&ing of
ion channel components to the cell membrane, treio turnover or recycling from the cell membraoeto
their interaction with other channel subunits aigshalling molecules. The potential of chrofiiblockade to
alter phosphorylation-dependent changes in chafunetion is one possible post-translation modifimat
Adrenoceptor-signalling is complex and varies withronicity of stimulation. However, cyclic AMP-
dependent protein kinase A (PKA), PKC and'@almodulin-dependent protein kinase Il (CaMKI I al
implicated in multiple downstream signalling patlywg37]. In additionp-adrenoceptors localise to cardiac
cell membrane lipid microdomains or caveolae, wileey may interact or recruit ion channel subufag].
CaMKIl has been shown to associate with Kv4.3 aaudl &lter channel function and trafficking to thdl ce
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membrane by phosphorylation, as well as affectiagegtranscription [27]. Kv4.3 has potential sites f
phosphorylation by PKA and PKC, both of which cdifie@ channel function [27]. PKA-dependent
phosphorylation has been implicated in localisatbtyo channel complexes in the cell membrane to lipid
microdomains via interaction with caveolin-3 [1f &ddition, human cardiag;lis also inhibited by both
PKC and PKA-dependent signalling pathways [18, Ii6lhe present study, acysestimulation increased
Iksus and had no effect ord or lx;, consistent with previous reports in human atripetently reviewed
[32]). Furthermore-blocker therapy did not alter the 1SO-responsehefse currents, consistent with a
reported lack of effect @3-blocker therapy oncl, increase by ISO [30]. However, remodelling@siplocker
therapy of other ion current or biochemical respsrsp3-, ora-, stimulation, should not be excluded.

Study limitations: We studied cells from patieimtssinus rhythm, and it is unknown whether theigpbil
of B-blocker therapy to alter ion currents and actioteptials is preserved in cells from patients wiinonic
AF. It should be noted, however, tiablockers are used in the treatment of a varietyanfliac pathologies
that predispose to AF, including ischaemia, heaitufe and hypertension, all of which may cause
potentially pro-arrhythmic electrophysiological redelling [24, 36]. The effects of the potentiallptia
arrhythmic remodelling ofth, Ixs and APD by chroni@-blockade may, therefore, be expected to partieipat
in addition to anti-adrenergic, anti-ischaemic, atrdictural remodelling effects @tblockers.We focussed
on ko, Iksus and ki. lca is unaffected by3-blocker therapy [32], but other currents remairbéostudied,
e.0., kacn, lkr, Iks @nd kaca as well as intracellular &ahomeostasis. In the mathematical modelling study,
we reduced; by 34%, as was observed at -120 mV, although ramgh in k; was detected at more
positive potentials. Inward is large and easily quantifiable at -120 mV, lus irecognised that outward
Ik1 at more positive potentials is small, and that“dmall expression levels of,l indicate that the ‘natural
variability’ between cells may make it difficult tetermine how muchd is present at plateau potentials”
[12]. Any effect of chroni@3-blockade to reducegl at such potentials may, therefore, be difficultitscern
under voltage-clamp conditions. Since cardiac miggxhave a high resistance at the end of the platiea
APD at this phase is very sensitive to intrinsit cirent changes. We therefore considered it itapbrto
model a reduction in outwarg;lto investigate potential ionic mechanisms of affexf 3-blockade on APD,
and reasonable to assume a reduction of 34%. Hoywereedo not exclude the possibility tHablockade
decreases( at negative potentials without affecting outwasd through some modification of the voltage-
sensitivity of k; channel gating, and that ion current changes iadditto the observed reduction i land
Ik1 are responsible for the increase in APD.

In conclusion, this study improves our understagdif electrophysiological and molecular mechanisms
of the potentially anti-arrhythmic prolongation lmiman atrial action potentials associated withci@nic
treatment of patients witB-blockers.
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Table 1. Primer details for real time RT-PCR

Target Primer Assay
transcript  Number

hGAPDH QT01192646
hKChIP2  Hs00752497s1
hKChAP QT00053158
hKvp1 QT00031136
hKvp2 QT00051961
hFrequenin QT00038598

Target Accession Primer Sequence 5’-3' Fragment

transcript number length (bp)

28S AF460236 GTTGTTGCCATGGTAAT 133
CCTGCTCAGTACGTCTG
ACTTAGAGGCGTTCAGT
CATAATCCC

Kv4.3 NM004980 TGGCCTTCTACGGCATCC 84
TGCTCGGCGTTCTCCCTCT
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Table 2. Patient characteristics. Values are numbers oéptstih; (% of total within group)] with specified
clinical characteristics, except for age and heai® (meantSEM), in groups of patients not treated,
treated chronically, with a beta-adrenoceptor ame) (3-blocker: no, and3-blocker: yes, respectively).
Age and heart rate were compared between groupmgired Student’s t-test; categorical datagxbyvith
Yates’' correction. *=p<0.05. CABG=coronary arteryphss graft, AVR=aortic valve replacement,
MVR=mitral valve replacement, CCB=calcium channektker, LVSD=left ventricular systolic dysfunction,
MI=myocardial infarction.

Bblocker:  B-blocker: p
No Yes
n (%) n (%)
Total patients 35 38 -
Male/female 2817 26/12 0.390
Age (years) 63.7+1.7 64.9t1.4 0.606
Heart rate (beats.miy 7442 57+2 <0.0001*
CABG 30 (86) 35 (92) 0.618
AVR 7 (20) 3(8) 0.245
MVR 1(3) 0 (0) 0.967
B-blocker (any): 0 (0) 38 (100) -
atenolol 0 (0) 30 (79) -
bisoprolol 0 (0) 6 (16) -
carvedilol 0 (0) 2 (5) -
ACE inhibitor 15 (43) 21 (55) 0.409
CCB 19 (54) 8 (21) 0.007*
Statin 31(89) 38 (100) 0.103
Nicorandil 19 (54) 15 (39) 0.302
Digoxin 1(3) 0 (0) 0.967
No LVSD 24 (69) 30 (79) 0.458
Mild/moderate LVSD 11 (31) 7 (18) 0.310
Severe LVSD 0 (0) 1(3) 0.967
Previous Mi 12 (34) 13 (34) 0.810
Angina 30 (86) 34 (89) 0.895
Hypertension 17 (49) 24 (63) 0.308
Diabetes 10 (29) 5 (13) 0.181
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Figure 1. Chronicp-blockade is associated with a reduction in thesifgmf human atrialtb, but not ksus.
(A) Representative current traces ff and ksys in isolated atrial myocytes from a patient treg@ylor not
treated © ) with @-blocker. (B)Mean+SEM current-voltage-relationship feg density @ : n=30 myocytes,
15 patients,O : n=32 myocytes, 14 patients) (C) M&EM peak o and ksys densities at +60 mV.
*=p<0.05; NS= not significant (p>0.05).
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Figure 2. Chronicp-blockade is associated with a reduction in theardacomponent of¢l (at -120 mV).
Values are means+SEM current-voltage-relationshifBt *-sensitive };, in myocytes from patients treated
(®: n=21 myocytes, 11 patients) or not treatOd ( 3Inmyocytes, 12 patients) withpeblocker.*=p<0.05.
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Figure 3. Lack of effect of chroni@-blockade on voltage- or time-dependent charatiesisf ko Open
symbols are data (meanstSEM) from rshlocked patients (n=27-32 cells, 11-15 patierftbd symbols
from B-blocked patients (17-29 cells, 6-15 patients). @9ltzmann curves-fits for voltage-dependent
activation (_ ) and inactivation (---). (B) Bi-expamé&l curve-fits showing time-dependerg inactivation
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curve-fits showingg reactivation. Inset is an enlarged version of ngraph at short interpulse intervals of
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Figure 4. Effects of acut@-adrenoceptor stimulation on"Kurrents in human atrial cells, and lack of effect
of chronic B-blocker therapy. (A) Patients not treated witlf3-dlocker (n=14-15 cells, 3 patients). (B)
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Figure 5. Mathematical modelling of ion current change®aisged with3-blocker therapy. (A)
Superimposed simulated APs (last APs of 1 Hz trafr&APS) resulting from progressive (in 10% sjeps
simultaneousd, -decrease angd,sincrease. Trace i=100%,|+100% ksus i1=50% lca+150% keug 111=0%
lcat200% ksus (B) Effect of reducing, on AP shape. Control AP=trace ii of panel A. (GfeEt of
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(E) Effect of independent reduction ig lon AP shape. (F) Effect of simultaneous redudiioli; and ko on
AP shape.
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Figure 7. Western blots of Kv4.3. Molecular weight markars indicated in kDa. (A) Kv4.3 was detected
at 65 kDa in rat brain (rB) and rabbit brain (RBjing polyclonala-Kv4.3 primary antibody (1°Ab) (left
section of membrane), and was markedly reduced wieated with 1°Ab pre-incubated with antigen, Ag
(right). (B) Kv4.3 was also detected at the saméemdar weight using a monoclonal 1°Ab in both mitde
brain and human atrium (HA), but was markedly redui negative control rabbit lung (RL), and absent
with secondary antibody (2°Ab) only. (C) Increasprgtein concentrations (5-1®) of whole human atrial
homogenate from twp-blocked (BBYes) and two noprblocked (BBNo) patients treated with monoclonal
a-Kv4.3 (upper section) or monoclonalGAPDH (lower section).
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